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Homeobox
ng the polymerase ch 
homeobox srenes was
U-2 OS (human osteosarcoma) and MC3T3-E1 (mouse 
osteoblast) cells by sequencing cloned PCR products.
have been shown to be responsive to retinoic acid (RA) 
(4) and basic fibroblast growth factor (bFGF) (6). Mem­
bers of the transforming growth factor-/? (TGF-/3) 
superfamily, such as bone morphogenetic proteins 
(BMPs), activins, and TGF-/?, are also possible regula-
Using specific primers, a different pattern of Hox gene tor" “hom eobox genes, given their pivotal roles m nor-
neuroblastoma 
MC3T3
mal growth and development. The Drosophila homo- 
logue of BMP-2 and BMP-4, decapentaplegic protein
ally, we showed that expression of HOXC6 in U-2 OS (D1PP)> enhances the expression of the homeobox gene
and SK-N-SH was differentially regulated by rhBMP labial (7) and ectopic expression of DPP alters the ex-
2, TGF-fi and activin-A. This suggests that specific Hox pression of various homeobox genes both at ectopic and 
genes may be target genes for TGF-/3 superfamily mem- adjacent sites (8). A  close correlation has been shown 
bers, and allows us to further understand the complex between expression of BMP-2 and particular Hox genes 
functions of these growth factors and how they relate in the developing limb (9). In addition, several Hox
genes are expressed during BMP-induced ectopic bone 
formation (10). Based on these studies we hypothesized
to growth and development. © 19»7 Academic Press
The vertebrate Hox genes encode a closely related ^ members
i  __ ... . _ { }  t  ... _. — jok 1 _. ._._ v- —- -m. Il*  > -_. .adit ._ _  a. m ^   ^A . +.0^ JOV ijfl ¿afe tfei h  I
that homeobox gene expression in cells representative 
of the skeletal system is regulated by TGF-/3 superfam-
subaet of homeobox containing transcription factors, We initially investigated the expression of Hox genes
consisting of at least 38 members that are conserved ’n osteoblast-like cells using the polymerase chain reac- 
over many species. The homeobox of these transcrip- ^ on (p c r ^ based on a strategy described by Murtha et
factors encodes for a 61 amino acid homeodomain al. (11). Osteoblast-like cell lines used were the human
are
binds specifically to DNA. Mammalian Hox genes osteosarcoma cell line (U-2 OS) and the
in four chromosomal clusters
mouse
osteoblast cell line MC3T3-E1 (12). Next, we studied
A-D), located on chromosomes 2, 7, 12, and whether expression is modulated by 3 members of the
17 respectively (1, 2). Their position along the 5'-3' TGF-/? superfamily (BMP-2, TGF-/31, and activin-A) in
transcriptional axis is related to their location along -q_2 qs. To study whether expression and regulation
the anteroposterior axis of the embryo (3), as well as 0f Hox genes was cell type-specific, Hox gene expression
to their appearance in time (4) (spatiotemporal colm- an(j  effects of BMP-2 and TGF-/3 on Hox gene expres-
earity (5)). The transcriptional regulation of homeobox sjon were a]so studied in the human neuroblastoma
is complex and still poorly understood, although 11 i-
it is clear that many factors are involved. Hox genes
MATERIAL AND METHODS
1 author. Fax: (31) 24- ; E-mail: vzoelen©
8ci.kun.nl.
Cell lines and growth factors. U-2 OS, a human osteosarcoma 
cell line, and SK-N-SH, a human, neuroblastoma cell line (both from
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American Type Culture Collection), were subcultured in Dulbecco’s 
Modified Eagle Medium (DM EM ) containing penicillin (50 lU/ml), 
streptomycin (50 /¿g/ml), and 10% newborn calf serum (NCS). The
TABLE 1
Primer Sequences Designed for the Present Study, Based 
mous '^osteobl^st c^l 'line MCSTil-E'l (12) was *CTo^nTn'a-^nimal °n Sequences That Have Been Published in the EMBL
essential medium (aMEM) containing penicillin (50 IU/ml), strepto­
mycin (50 jUg/m 1), and 10% fetal calf serum (FCS). Recombinant bone 
morphogenetic protein-2 (rhBMP-2) was a generous gift from the 
Genetics Institute (Cambridge, MA, USA). Human TGF-/31 was pur­
chased from R &D  Systems (UK), and human activin-A was a gener­
ous gift from D. Huylebroeck, Celgen, University of Leuven, Belgium.
Cells were growth arrested at near-confluence by incubation with
serum-free DM EM  (U-2 OS), aM E M  (MC3T3-E1) or D M E M  with 1% 
NCS (SK-N-SH) for 72 h, after which growth factors were added: 
rhBMP-2 (50 ng/ml), TGF-/31 (2.5 ng/ml), and activin-A (25 ng/ml). 
After 24 h (U-2 OS) and after 48 h (U-2 OS, and SK-N-SH), cells 
were washed with phosphate-buffered saline (PBS) and stored as a 
pellet at -80 °C until mRNA isolation.
mRNA-isolation and RT-PCR. m RNA isolation and RT-PCR 
were performed as previously described (13) with minor modifica­
tions. m RNA was extracted using the Micro-Fast Track m RNA isola­
tion kit (Invitrogen Corp., San Diego, CA). For each sample approxi­
mately 15 ng mRNA was reverse transcribed using 50 /¿M of oligo(dT) 
primer and 200 units SuperScript-II (Gibco-BRL) in a total volume 
of 30 fj\.
Thereafter, 2 ¡¿I of the reaction volume was amplified by PCR using 
0.5 fj,M of each sense and anti-sense primer, 150 fiM dNTPs, 1.5 m M  
MgCl2 and one unit Taq polymerase (Gibco-BRL) in a total volume 
of 20 (A. PCR mixtures were transferred directly from ice to 95°C 
for 10 seconds, followed by a specific number of amplification cycles 
consisting of 95°C (10 seconds), annealing temperature (see Table 1) 
for 30 seconds, 72°C (1 minute), and a final extension step at 72°C 
for 7 minutes (Perkin-Elmer Geneamp PCR system 2400). The num­
ber of cycles was either saturating (45 cycles) or limiting (see semi- 
quantitative RT-PCR).
Degenerate PCR primers were designed using the sequence of the





HoxAl-F GGG AAA GTT GGA GAG TAC GGC 60°C
-R CCT CAG TGG GAG GTA GTC AG
HoxA7-F GCC GGA CAA CAA ATC ACA GGX 60°C
-R GCC TGG CCC TTT ACT CCT1
HoxA9-F CCA ATA ACC CGG CTG CCA ACT G 1 60°C
-R TCA CTC GTC TTT TGC T C (T /G ) GTC C 1
HoxB9-F TGC GAG CGC GCG GAT AAT G 1 57°C
-R CTT TAC TCT TTG CCC TGC TCC
HoxC6-F prprpw  il» 4« TTA CCA GGA GAA AGA CAT G 60°C
-R CAA GGG CAG TCC TGG TCA C
HoxC8-F ACA AAC TTA CAG CCG GTA T C 1 55°C
-R CCT TAG TCC TTA TTT TCT T C C Jw
HoxC9-F GTT ACG ATG TCG GCG ACG GG 60°C
-R GTG TCG GCG CCG AGG TGG G
Gbxl-F GCC CTC AAG CTC AGT GAG G2 57°C
-R GGG TGC CCA TTC AGG GCC2
PBGD-F TGT GGT AAC GGC AAT GCG G3 60°C
-R CCA GGG CAT GTT CAA GCT CC 3
Accession numbers are: M20215, M15927, X06024 (hoxa-l); 
U104231 (HOXA1); M17192 (hoxa-7); M28449, M36677 (hoxa-9); 
X13537 (guinea pig HoxA9); M34857, M27244 (hoxb-9); X16172 
(HOXB9); X12504 (hoxc-6); S69027, M16938 (HOXC6); X07439, 
Y00215 (hoxc-8); M62698 (cat HoxC8); M37568 (rat HoxC8); X55318 
(Hoxc-9); H83603 (HOXC9); M81662, M81663 (gbxl): L11239
(GBX1).
1 Sequence based on the murine gene sequence only. For HoxA9
conserved region of the homeobox domain, amplifying the repertoire and HoxC8, the most conserved regions were selected by alignment 
of homeobox genes expressed in the cells. The primer sequences are: to other species. Murine Hoxa-9 was aligned with guinea pig HoxA9
C A( A /G ) (A/G)T(C/G) AA(A/G) (A/G)T(C/T) TGG  TT(C/T) CA(A/G), 
and (A/G) (A/C) (A/C/G) (C/T)T(A/G) GA(A/G)(C/T)TG GA(A/G) AA
(A/G) G respectively. The expected PCR product was 115 basepairs 
and was amplified during a 45 cycle PCR with an annealing tempera­
ture of 51°C. Products were visualized on 2% agarose gels after stain­
ing with ethidium bromide (0.5 /ig/ml).
PCR products were directly cloned (PGEM-T-vector, Promega),
and murine Hoxc-8 was aligned with cat and rat HoxC8.
2 As only a partial homeobox sequence of murine gbxl has been 
published (15), the primers were designed to fit to the human GBXl. 
Based on the human sequence only (14).
and their sequences were analyzed using the Pharmacia Sequencing under different conditions. When differences were found, they were
kit. Classification of the sequenced clones was based on homology confirmed by reducing the number of PCR cycles, avoiding the pla-
with known human and murine Hox-sequences (as published in the teau level for amplification. The number of cycles was determined
EM BL database) using the Fasta computer analysis program (Caos/ empirically to result in product that was just visible on gel by ethid-
Camm, the Netherlands). Based on sequences in the EM BL database, ium bromide staining. To normalize the amounts of cDNA used in
PCR primers were designed to specifically amplify some of the identi- each PCR, porphobilinogen deaminase (PBGD), a housekeeping gene
fied homeobox genes (Table 1). PCR conditions were optimized for (14), served as internal control (Table 1). 
each primer set.
Southern hybridization. After separation by agarose gel-electro- RESULTS 
phoresis, plasmid DNA or PCR fragments were transferred onto Hy-
bond-N membranes (Amersham) and hybridized with [:!2P|-labeIed 
seDNAprobes in 5xSSC, 0.5% SDS, containing 0.1% laurylsarcosine- Amplification of homeobox gene subsets in U-2 O S
sodium salt and 1% blocking reagent (Boehringer Mannheim) at 65°C CLJld M.C3T3-E1. A  total of 13 homeobox genes were
Membranes were subsequently washed under increas- detected in osteoblast-like cells based on sequencing of
ingly stringent conditions (last 15 minutes: o.lxSSC with 0.5% SDS cloned PCR products that had been amplified from
at 65»C) prior to autoradiography. Probeslused were the isolated cDNA usi degenerate homeobox primers (Figure 1).
homeodomains of I-IOXB9, HOXC6, and HOXC9. For hybridization T ... ,, - A , . , r  c  , TT _ .
of the blotted semiquantitative RT-PCR products the complete coding ^  clones derived from each U-2 OS and
sequence of HOXC6 was used.
Semiquantitative RT-PCR. A  semiquantitative PCR was per-
MC3T3-E1 PCR products were sequenced. In both cell 
lines HoxC9 was most frequently detected. Subse-
« Hi i . “ ¡ ¡ * 5  Se 3 = r „ 7 o f  ^  ^  U ?  O S  ^  W B "
(ix/l0x/i00x/i0Q0x) were amplified through 45 cycles to identify identified by  m e a n s  oi hybridization with, probed
changes in the expression of a specific homeobox gene in cells treated Hox genes that had been identified earlier (HOXB9,
366
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5' TABLE 2
HoxA
1 2 3 4 5 6 7 
□  □ □ iY f/sW itfrS .
10 11 
□  □  □
1 2 3 4 S 6 7 8
HoxB □  □  ■  □  □  m  □
9
Comparison of Hox Genes Detected in U-2 OS, MC3T3-E1, 
and SK-N-SH Cell Lines Using Specific PCR Primers
□  □  □  □
4 S 6 S 9 10 11 12 13
HoxC
l
HoxD □  □
paralogs 1 2
3 4 
□  □  □  □  □
8
8 JO n a 13
Gbxl &
D 1  U-2 OS
MC3T.VEI
bath MC.TO-E1 and U-2 OS
| | not detected
Hox gene
Cell line
U-2 OS MC3T3-E1 SK-N-SH
Al + + +■
A7 — + —
A9 4* —
B9 +





FIG . 1. Hox genes detected in osteoblast like cells by sequencing The specific primer for Gbxl only recognizes the human sequence, 
of cloned PCR products that had been amplified from cDNA using whereas the HoxA7 primer only recognizes the mouse sequence.
degenerate homeobox primers. Boxes are aligned vertically in their 
paralog subgroups, and horizontally based on their chromosomal po-
the separate Hox genes in three different cell lines (see 
Table 1). Integrity of the PCR product was confirmed 
by Southern blot hybridization (data not shown). The 
Hox genes that were identified in the three cell lines 
using specific Hox primers are depicted in Table 2. An 
additional Hox gene was detected in U-2 OS and
MC3T3
HoxC8.
cDNA using specific PCR primers for
HOXC6, and HOXC9). MC3T3-E1 clones were selected 
by means of digestion with Ava II, which digests the 
homeobox domain region of murine Hoxc-9 but not that 
of most other murine Hox genes. Of 40 U-2 OS clones,
11 that did not hybridize with HOXB9, HOXC6, or 
H OXC9 were further analyzed by sequencing. This ap­
proach led to the identification of an additional 4 Hox 
genes (HoxAl 1/11, HoxA4 2/11, HoxA9 1/11, and 
HoxB3 1/11) (Figure 1). The remaining clones repre­
sented HoxC6 (4/11), and HoxAlO (2/11), which had 
been identified in the first group of sequenced clones.
The sequences of HOXA9 and HOXC9 homeodomains 
have not been published previously and are shown in
Figure 2. Plasmid D N A  of 8 out of 2 1 MC3T3-E1 clones ~ tlirr^uTrj a T  1 ~ j
& . . , i . *  tt n • p mg result was that the Hoxa-7 expression was detectedis  m  k >k  4- >sl ^  /n 4* 4" U* /V v y r t  I I  L j  j «• n A  A. i*t V\ i*% I -r /\4* *
U-2 OS and MC3T3-E1 in the initial cl 
ments. Unexpectedly, we observed GBX1
U-2 OS but not in MC3T3-E1 cells, wb
Hox domains form MC3T3
amplified
human
because onlv the homeoboxdomain
m urine
was not digested with Ava II. Sequence analysis of 
these clones revealed another 5 Hox sequences (Hoxb- 
6, Hoxb-8, Hoxc-6, Hoxd-8, and Gbxl).
Comparison of homeobox gene expression in U-2 OS,
murine MC3T3-E1 osteoblasts but not in human 
DS osteosarcoma cells. This may be due to the f
at only the homeodomain of HOXA7 has been
P r im e r s
MC3T3-E1, and SK-N-SH. Based on the Hox gene upstream and downstream of the homeodomain of mu 
sequences that have been submitted to the EM BL data- rine Hoxa-7, selecting the 




Un mu n HoxA? 75 aqtttctgttcaacatgtaccfccaccagggaccgaaggtacgaggtggct 26
m m m i  l u m i n i m i  m m i i m m i m m i
Mom© HoxA? 140 agtttctgtttaacatgtacctcacacgggaccgcaggtacgaggtggcc
« •
Human HoxA? 25 cgactgctcaacctcaccgagaggc 1
li f I Ti 111111 il 11 ni ini
MouseHoxAP 190 cggctgctcaacctcaccgaaaggc 214
of HOXA7 is ]
neuroblastoma
Huinmi HoxC9 74 agtttctcttcaatatgtatttaaccagggaccgtcggtatgaggtggcc 25
Mouse HoxC?
TX T. ’c tgti TX'caacGa ’ 'C 'ili 1111111111111 r 1111111111 rrriiiTiiTTiI TiTTiTT
977 agtttctcttcaatatgtatttaaccagggaccgtcggtacgaggtggcc 1026
N-SH we found expression of HOXA1, HOXB9, 
HOXC6, HOXC8, and HOXC9 but no HOXA7, HOXA9 
or GBX1, showing that Hox expression in cell lines is 
clearly cell-type dependent.
TGF-/3 superfamily members modulate expression of 
Hox genes. To study possible modulation of Hox gene 
expression by activin-A, rhBMP-2, and TGF-/?1, a semi- 
quantitative PCR approach was used. The cDNA of
identified in U-2 OS cells. The sequences of the mouse and human growth factor treated and untreated cell lines was ini- 
homologues are 100% identical at the amino acid level. tially screened for differences in Hox gene expression
w w
Humnn Hox C9 24 cgggttctcaatctcaccgagcgg 1
il m u l i n i m i  m m
Moiisc HoxC? 1027  cgtgttctcaatctcactgagcgg 1 0 5 0
FIG . 2. HOXA9
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• s/j y. HOXC6
PBGD
1 2 3 4 5 6 7 8 9
FIG. 3. Modulation of Hox gene expression by TGF-/J superfam­
ily members in (A) U-2 OS cells, and (B) SK-N-SH cells. The top row
known what causes the aberrant expression of homeo- 
box genes in growth disturbances such as limb malfor­
mations and tumors. One mechanism could be auto­
crine and/or paracrine effects of growth factors. With 
bone being a large producer and storage site for TGF- 
P and BMPs, the potential effects on growth, skeletal 
patterning, limb development, and skeletal neoplasia 
through modulation of Hox expression are significant. 
Having shown previously (27) that osteosarcoma cell 
lines, including U-2 OS, produce active and latent TGF- 
¡31 at levels used in our current studies, in addition to 
BMPs (28), we speculate that modulation of expression 
of specific Hox genes by TGF-/31 superfamily members 
may affect the differentiation and neoplastic behavior 
in osteosarcoma cells.
This study documents for the first time that at least 
13 homeobox genes are expressed in osteoblast-like 
cells. The total number of homeobox genes expressed 
in both cell lines might be larger than the 13 that we 
detected, since our degenerate primers do not recognize 
all homeobox sequences, and a limited number of clones 
was screened. This was further demonstrated by the
of each figure shows duplicate experiments of cDNA template of U- fact that although HoxC8 was not detected by cloning of 
2 OS (A) or SK-S-NH (B) amplified using HOXC6 primers. cDNA the homeobox region as amplified with the degenerate 
was obtained from cells treated with different growth factors, and a primers, HoxC8 could be detected at rather low levels
™ f° . ^ i n  all three cell lines if specific HoxC8 primers were
used. RT-PCR amplification of Hox gene transcripts 
with primers that recognize specific Hox genes showed 
that the same Hox genes were expressed in osteosar-
„ , . , , coma cells as in the osteoblast cell line MC3T3-E1. The
using increasing dilutions of template with saturating onjy difference observed (HoxA7) appeared to be due 
PCJR, conditions. Based on this we observed clear differ-
template amplified with PBGD  primers, as an internal experimental 
control for the amount of template used.
. TT ... , . to a species difference in sequence or expression of
ences m expression of HoxC6. Mimmal or no effects HoxA7i as in osteoblasts isolated from human bone
y^ er*t.5een. ori ?, expression of HoxAl, HoxA9, and H 0X A 7  was not detected (results not shown).
HoxC8 in both cell lines (data not shown). By reducing
The regulation of Hox gene expression is still incom-
as after 48 hours treatment.
the number of PCR cycles to unsaturating conditions pietely understood. Several studies have shown that 
we could more precisely define the modulating effect of ^  is an important inducer of Hox genes in vitro (4,29).
each growth factor on the expression of a particular j^s mechanism in embryonal carcinoma cells involves a 
Hox gene. Differential effects of rhBMP-2, TOF-£1, and cascade model of sequential transcriptional activation 
ac rnn-A were o u ^  on ttie Repression of HOXC6 m  0f jjox genes in a 3 '-5' polarity (30). Its effects in vivo
0 " j11 SK-N-SH.PIOXCGe^ression in U-2 aiso been shown in studies which document the
OS cells was down-regulated by rhBMP-2 and activin- induction 0f HoxC6 by placement of an RA-soaked bead
jaPf6] u" oin ® *n anterior limb bud (31). In addition, homeobox
una ec ed by rhBMP-2 and up-regulated by TGF-/31 g e n e s  m a y  a u to- and/or cross-regulate each other, or
(_Flg^re ^ Effe_CllS W!re prf Sent after 24 h°UrS aS WeU even share the same promoters (32), making their regu­
latory pathways even more complex. Only three studies 
have reported on modulation of homeobox genes by 
members of the TGF-/3 superfamily: activin-A induced 
expression of MIX-2 in Xenopus (33); BMPs induced 
Since a relationship between normal growth/differ- several homeobox genes indirectly during BMP-in- 
entiation and tumorigenesis has been well established, duced ectopic bone formation (10); and BMPs were 
it is not surprising that abnormal homeobox expression shown to induce the expression of the homeobox-con- 
has been linked to neoplasia (16). The oncogenic poten- taining genes Msx-1 and Msx-2 in developing teeth 
tial of Hox genes in mouse fibroblasts has been de- (34). These studies mostly imply differentiation effects 
scribed (17, 18), and altered expression of several ho- during embryogenesis. Our studies have now identified 
meobox proteins has been found in tumors (19-25) and differential effects of three members of the TGF-/3 su- 
haematopoietic malignancies (26). It is still largely un- perfamily on the expression of HOXC6 in U-2 OS and
DISCUSSION
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SK-N-SH. The fact that we see regulation of Hox genes 12 • Sudo, H., Kodama, H . A., Amagai, Y ., Yamamoto, S., and Kasai,
in cell lines by members of the TGF-/3 superfamily 
(after relatively short incubation times), suggests a 
much directer role of Hox genes in the signal transduc­
tion of these growth factors.The finding that regulation 
of HoxC6 expression by members of the TGF-/3 family
S. (1983) J. CellBiol. 96, 191-198.
13. Van den Wijngaard, A., Van Kraay, van Zoelen, E. J. J., Olijve, 
W ., and Boersma, C. J. C. (1996) Biochem. Biophys. Res. Com- 
mun. 219, 789-794.
14. Finke, J., Fritzen, R., Ternes, P., Lange, W ., and Dolken, G. 
(1993) Biotechniques 14, 448-453.
is clearly cell type-specific is very interesting with re- 15. Matsui, T., Hirai, M ., Wakita, M ., Hirano, M ., and Kurosawa,
gard to the role that Hox-genes are supposed to have Y. (1993) FEBS Letters 322, 181-185.
in cell and tissue differentiation and determination of 16. Blatt, C. (1990) Cancer Cells 2,186- 189.
cell-fate. Our observation that HoxC6 is regulated by 17- Maulbecker, C. C., and Grass, P. (1993) Cell Growth &  Differen-
rhBMP-2, activin-A, and TGF-ß is perfectly in line with tiation 4, 431-441.
studies demonstrating that members of the TGF-/3 su- 18, ^¡b;e,rc^ m; Negreanu, V., Sachs, L., and Blatt, C. (1991) Mai.
perfamily regulate neural cell adhesion molecule (N- 
CAM) expression (35-37) and with other studies show­
ing that HoxC6 itself is a potent regulator of N-CAM
lell. Biol. 11, 554-557.
19. Cillo, C. (1994) Int. J. Cancer 58, 608-615.
20. Castranovo, V., Kusaka, M ., Chariot, A., Gielen, J., and Sobel, 
M . (1994) Biochem. Pharm. 47, 137-143.
expression. N-CAM and other cell adhesion and sub- 21 . DeVita, G., Barba, P., Odartchenko, N ., Givel, J. C., Freschi, G.,
strate adhesion molecules modulate cell surface events,
cellular responses and cellular differentiation through 
adhesion, a mechanism implicated in metastasis.
ACKNOWLEDGMENTS
W e  are grateful to Miranda van Berkel and Erika Groeneveld for
Bucciarcelli, G., Magli, M , C., Boncinelli, E., and Cillo, C. (1993) 
Eur. J, Cancer 29A, 887-893.
22. Cillo, C., Barba, P., Freschi, G., Buciarelli, G., Magli, M . C., and 
Boncìnnelli, E. (1992) Int. J. Cancer 51, 892-897.
23. Rediine, R. W ., Hudock, P., MacFee, M ., and Patterson, P. (1994) 
Lab. Invest. 71, 663-670.
24. Friedmann, Y., Daniel, C. A., Strickland, P., and Danile, C .W . 
(1994) Cancer Res. 54, 5981-5985.
technical assistance. P K  was funded by the Cave Fund from the 25. Tiberio, C., Barba, P., Magli, M . C., Arvello, F., Le Chevallier,
Department of Orthopaedic Surgery, Massachusetts General Hospi­
tal, the Warren-Whitman-Richardson Fellowship from Harvard 
Medical School, and the Dutch Stichting Prof. Michael-van Vloten 
Fonds.
REFERENCES
1 . Gehring, W . J., Affolter, M ., and Burglin, T. (1994) Annu. Rev.
Biochem. 63, 487-526.
2. Scott, M . P. (1992) Cell 71, 551-553.
3. Lewis, E. (1978) Nature 276, 565-570.
4. Simeone, A., Acampora, D., Arcioni, L., Andrews, P. W ., Bonci­
nelli, E., and Mavillio, F. (1990) Nature 346, 763-766.
5. McGinnis, W ., and Krumlauf, R. (1992) Cell 68, 283-302.
6. King, M . W ., and Moore, M . J. (1994) Nucl. Ac. Res. 22, 3990- 
3996.
7. Staehling-Hampton, K., Hoffman, I1. M ., Baylies, M . K., Rush- 33 Vize, P. (1996) Developmental Biology 177, 226-231.
T., Poupon, M . F., and Cillo, C. (1994) Int. J. Cancer 58, 608- 
615.
26. Rabbits, T. H . (1991) Cell 67, 641-644.
27. Kloen, P., Jennings, L. C., Gebhardt, M . C., Springfield, D. S., 
and Mankin, H . J. (1995) Int. J. Cancer 58, 440-445.
28. Anderson, H. C., Hsu, H . H . T., Raval, P., Hunt, T. R., 
Schwappach, J. R., Morris, D, C., and Schneider, D. J, (1995) 
Clin. Orthop. Rel. Res. 313, 129-134.
29. Becker, D., Jiang, Z., Knodler, P., Deinard, A. S., Eid, R., Kidd, 
K., Shasikant, C. S., Ruddle, F. PL, and Schughart, K. (1996) 
Developmental Dynamics 205, 73—81.
30. Faiella, A., Zappavinga, V., Mavilio, F., and Boncinelli, E. (1994) 
Proc. Natl. Acad. Sci. USA  91, 5335-5339.
31. Oliver, G., DeRobertis, E. M ., Wolpert, L., and Tickle, G. (1990) 
EMBO J. 9, 3093-3099.
32. Benson, G. V., Ngyuen, T-H. E., and Maas, R. L. (1995) Mol. Cell. 
Biol. 15, 1591-1601.
ton, E., and Bate, E. (1994) Nature 372, 783-786.
8, Staehling-Hampton, K., and Hoffman, F. M. (1994) Develop­
mental Biology 164, 502-512,
9. Francis, P. H., Richardson, M . K., Brickell, P. M ., and Tickle, C. 
(1994) Development 120, 209-218.
34. Vainio, S., Karavanova, I., Jowett, A., and Thealeff, I. (1993) Cell 
75, 46-58.
35. Jones, J. F., Holst, B. D., Minowa, O., DeRobertis, E. M ., and 
Edelman, G .M . (1993) Proc, Natl. Acad. Sci. USA 90, 6557- 
6561.
10. Iimura, T., Oida, S, Takeda, K,., Maruoka, Y., and Sasaki, S. 36. Roubin, R., Deagostini-Bazin, H., Hirsch, M-R, and
(1994) Biochem. Biophys, Res. Comm. 201, 980-987. (1990) 111, 673-684.
11. Murtha, M . T., Leckman, J. F., and Ruddle, F. H . (1991) Proc. 37. Perides, G., Safran, R. M ., Downing, L. A., and
Nall. Acad. Sci. USA 88, 10711-10715. (1994) J. Biol. Chem. 269, 765-770.
, M . E.
369
